In a large-scale gene expression screen 1765 randomly picked cDNAs were analyzed by whole-mount in situ hybridization in Xenopus embryos. Two hundred and seventy three unique, differentially expressed genes were identified, 204 of which are novel in Xenopus. Partial DNA sequences and expression patterns were documented and assembled into a database, 'AXelDB'. Approximately 30% of cDNAs analyzed represent differentially expressed genes and about 5% show highly regionalized expression. Novel marker genes and potential developmental regulators were found. Differential expression of mitochondrial genes was observed. Marker genes were used to study regionalization of the entire gastrula as well as the tail forming region and the epidermis of the tailbud embryo. Four 'synexpression' groups representing genes with shared, complex expression pattern that predict molecular pathways involved in patterning and differentiation were identified. According to their probable functional significance these groups are designated as Delta1, Bmp4, ER-import and Chromatin group. Within synexpression groups, a likely function of genes without sequence similarity can be predicted. The results indicate that synexpression groups have strong prognostic value. A cluster analysis was made by comparing gene expression patterns to derive a novel parameter, 'tissue relatedness'. In conclusion, this study describes a semi-functional approach to investigate genes expressed during early development and provides global insight into embryonic patterning.
Introduction
It is generally accepted that a major mechanism in cellular differentiation and development is based on differential gene expression. Therefore, description of gene expression is now considered an essential part of the characterization of novel genes. The expression pattern often gives important clues about the function of a gene and makes readily testable predictions. In addition, analysis of gene expression has led to spectacular discoveries regarding embryonic patterning which had not been revealed by morphology or experimental embryology (Levin, 1997) . Moreover, mechanisms of embryonic patterning as well as evolutionary relationships between seemingly unrelated structures in different animals can be derived by such analysis. Despite this utility, the number of genes whose embryonic expression pattern has been documented by in situ hybridization is relatively small, on the order of a few hundreds in mouse, Xenopus and zebrafish compared with the estimated 100 000 genes expressed in vertebrates, with many of them being orthologs.
In invertebrates such as Drosophila and Caenorhabditis elegans, large-scale mutagenesis screens have been instrumental in the understanding of the mechanisms underlying pattern formation and morphogenesis. In vertebrates a number of projects in mouse and zebrafish are concerned with the direct identification of gene function by large-scale mutagenesis. These studies have yielded impressive results and provided an invaluable basis for the understanding of embryonic development (Friedrich and Soriano, 1991; Wurst et al., 1995; Driever et al., 1996; Forrester et al., 1996; Miklos and Rubin, 1996) . However, these approaches have certain limitations including the difficulty to move from mutant to gene in random mutagenesis as well as limits of throughput. More importantly, functional gene redundancy may pose a severe problem that may preclude identification of entire classes of genes. For example, targeted disruption in yeast showed that disruption of 70% of the genes does not lead to overt phenotypes (Goebl and Petes, 1986) . In a zebrafish screen approaching saturation, 85 nonallelic mutants were identified in which pigmentation or pigment cell development are affected but only 8 genes were found to be essential for early dorso-ventral axis formation . In a mouse promoter-trap pilot screen 15 of the 24 homozygous mutant strains did not exhibit an overt phenotype (Friedrich and Soriano, 1991) .
Gene expression screens via enhancer-or promoter-traps can identify differentially expressed developmental regulators regardless of functional redundancy. However, enhancer-trap screens have three major disadvantages. First, the lacZ pattern observed may not faithfully reflect the expression of the endogenous gene. Second, detection of very dynamic expression patterns may be difficult because bgalactosidase protein is relatively long-lived. Third, the gene is not readily accessible.
An alternative approach to the study of embryonic patterning at large-scale is to use randomly isolated cDNAs and analyze the expression pattern of mRNAs by in situ hybridization which allows direct access to the DNA sequence and reflects endogenous gene expression (Bettenhausen and Gossler, 1995; Gawantka et al., 1995) . Here we describe a large-scale expression screen of 1765 cDNAs by a wholemount in situ hybridization in Xenopus embryos. We present an overview of global gene expression and describe expression patterns and partial sequences of 273 unique, differentially expressed genes.
Results

Statistical overview
1765 cDNA clones were randomly picked from a neurula cDNA library (Gawantka et al., 1995) and expression patterns were analyzed by whole-mount in situ hybridization. We sought to identify genes whose expression would be indicative of both early mesodermal as well as neural differentiation. Since the genes expressed during early gastrulation are commonly still expressed at early neurula but many neural genes are not yet expressed at early gastrula, we chose a neurula stage cDNA library (stage 13). To find a compromise between large-scale throughput and depth of analysis we had to limit the number of embryonic stages to gastrula (stage 10 + ), neurula (stage 13) and tailbud (stage 30), and to restrict scoring to major tissues. cDNAs corresponding to differentially expressed genes at any of the examined stages were partially sequenced from both ends. Sequence data were used to eliminate redundant clones and compared against DNA and protein sequence databases. Expression and sequence data are compiled in a local database and publically accessible via the Internet (http://www.dkfz-heidelberg.de/abt0135/axeldb.htm). DNA sequences are also deposited in the EMBL database (see Table 4 for accession numbers). All clones are available upon request from the Resource Centre of the German Human Genome Project, reference library 546 plate A (RZPD, Heubnerweg 6, D-14059 Berlin; email: clone @rzpd.de).
Of all genes analyzed 26% are differentially expressed (Fig. 1) . Genes thus classified either show strong regional differences in expression in at least one of the examined stages or a strong decrease in expression during embryogenesis. Constant or increasing, non-regionalized expression was scored ubiquitous (51%). A substantial 23% of clones do not show any staining. Five of sixteen such clones analyzed display homology to known sequences (not shown), suggesting that lack of staining is due to technical limitations of the whole-mount in situ hybridization procedure and not due to cloning artefacts.
Further analysis was confined to the 449 differentially expressed genes. Sequence cluster analysis revealed that they represent 273 unique, non-allelic Xenopus genes, 75% (204) of these represent novel Xenopus genes. Among the 176 redundant cDNAs the most represented are Hmg2 (×14), histone H3 (×10), and 16s mitochondrial rRNA (×10).
Although necessarily subjective, we attempted a functional classification of the 208 cDNAs with attributable function: strikingly, 27% of all unique cDNAs with attributable function represent genes with a potential regulatory role in development (growth factors and receptors, signal transduction components and transcription factors). Among these we find genes with an established function as developmental regulators, e.g. Xanf1 (Zaraisky et al., 1992) , XFKHI (Dirksen and Jamrich, 1992; Knöchel et al., 1992; Ruiz i Altaba and Jessell, 1992) , brachyury (Smith et al., 1991) , myf5 (Hopwood et al., 1991) , otx2 (Blitz and Cho, 1995; Xu et al., 1995) , HoxD1 (Blumberg et al., 1991) and frzb (Leyns et al., 1997) suggesting that expression screening allows identification of functionally relevant genes. Two novel homeobox genes identified in this screen have already been shown to be involved in dorso-ventral axis formation (Gawantka et al., 1995; Onichtchouk et al., 1996) . An additional 14% of the genes identified are similar to genes regulating housekeeping functions such as cell cycle and global control of gene expression. An interesting part of the 273 unique genes identified are those that do not show any significant sequence 
Global complexity of gene expression
Complexity of gene expression spans a wide range, from tissue-specific (e.g. 26G5.1, Fig. 3 ) or position-specific (e.g. 8B3, Fig. 3 ) to complex expression in multiple, ontogenetically often unrelated, regions (e.g. 22F11.1, Fig. 3 ) or widespread expression in many but lack in one or few regions (e.g. Fig. 3 ). Many genes were identified whose expression pattern is so restricted that they may serve as useful markers at tailbud stage or earlier (Table 1) . Tissues for which previously no markers were available in Xenopus include lateral plate, ciliated cells, pigment cells, posterior spinal cord and epidermal subdomains. Fig. 2 shows an overview of the frequency of gene expression in different regions scored at tailbud stage. Most prominently, 82% of the genes are expressed in the central nervous system (CNS and/or spinal cord, eyes, sensorial vesicles), followed by 66% in the tailbud. Gene expression is least frequently detected in endoderm (8%, not shown) which is most likely due to the limitations of the whole-mount technique, where penetration of yolk-rich tissues is a problem Genes whose expression pattern is so restricted that they may serve as useful markers at tailbud stage are listed. Best hit name indicates the designation of the DNA or protein sequence for which the best sequence similarity was obtained. The functional classification of the respective gene is indicated in the column notes. Fig. 1 . Overview of expression and DNA sequence data. Classification of the clones according to gene expression pattern, sequence similarity and predicted function (left, middle and right column, respectively). Values are given as percentages of total number of cDNAs examined (n = 1765), the number of unique, differentially expressed genes (n = 273) and the number of unique, differentially expressed genes with sequence similarity (n = 208).
26F2.1,
(continued) (Harland, 1991) . Among the mesodermal tissues scored the number of genes expressed is highest in the pronephros. Yet, no pronephros-specific marker was found unlike for all other mesodermal tissues. Curiously, two groups of mitochondrially encoded genes were distinguished by their expression pattern at tailbud stage. One group containing 24E11.1, 6C21, 6D12 is characterized by salt-and-pepper expression at gastrula and ubiquitous expression at tailbud stage, while the second group containing 21D5.1, 24C9.1, 9G5 is characterized by predominant muscle expression at tailbud stage (Fig. 3) . This is unexpected since the mitochondrial genome is transcribed as two polycistronic units and hence, different mitochondrial transcripts are thought to be present at equimolar amounts. Differential mitochondrial gene expression may therefore indicate regulation by differential RNA stability.
At all stages previously unknown regionalizations were observed. However, a detailed description of the patterning of every tissue at all stages is beyond the scope of this study. Here we will focus on the regionalization of the entire gastrula as well as the tail-forming region and epidermis of the tailbud stage embryo.
Regionalization of the gastrula
Ectoderm
The dorsal non-involuting marginal zone corresponding to presumptive posterior and midneural plate (Keller, 1975) is marked by 19F1.1 (Fig. 4A ). Partially overlapping is the expression of 3.14, which extends more animally, marking prospective anterior epidermis and neural plate (Fig. 4D) . Since both 19F1.1 and 3.14 are expressed in neural tissue at later stages this suggests that neural induction and patterning is already well underway at an early gastrula stage. The ventral animal cap is marked in a salt and pepper fashion by 8C9 (Fig. 4E ). Within the animal cap the sensorial (23G4.1, Fig. 4B ) and epithelial layer (e.g. 23C6.2, Fig. 4C ) can be molecularly distinguished. Finally, distinct salt and pepper patterns were observed for 8C9 and 6D6 (Fig. 4E ,F) as well as for mitochondrial genes (6C21; 6D12; Fig. 3 ). 6D6 was the only gene showing a salt and pepper expression during later stages in the neural plate and head (Fig. 3 ).
Mes-endoderm
Within the mes-endoderm, three domains were distinguished in the organizer region ( Fig. 4G ), 32E7.2/otx2 in the deep cells, 23E9.1 in prospective head-endomesodermal cells similar to cerberus (Bouwmeester et al., 1996) , and 32B3.1 predominantly in the involuting marginal zone cells. 2.15/Xvent1 marks the lateroventral ( Fig. 4H ) (Gawantka et al., 1995) and 27A6.1/Xmyf5 the dorsolateral mesoderm ( Fig. 4I) (Dosch et al., 1997) , respectively. 26E7.1 is a novel pan-mesoderm specific gene (Fig. 4J ). Superficial cells of the dorsal lip differentially express 26E9.1 (Fig. 4K ). An endoderm-specific gastrula marker is 29C6.2 (Fig. 4L) .
Differentially expressed genes in the mes-endoderm with nuclear staining were observed, including 23G1.2 in the marginal zone, 29C6.2 in the blastopore lip and vegetal cells, as well as 4.46, expressed in nuclei of ventral marginal zone cells (Fig. 3) . Fig. 3 . Whole mount in situ hybridizations, sequence similarities and functional classifications. The left-most part represents the results of sequence similarity searches from 273 partially sequenced cDNAs representing unique, differentially expressed genes: clone name; accession number of best hit, P-value; name of best hit; functional classification. The order of the genes follows first digit sorting, e.g. 1, 10, 2, 20 etc. Abbreviations: o, orphan genes; m, metabolism gene; r, developmental regulator gene; r?, housekeeping regulator gene; s, structural gene; Xl, known Xenopus gene; +, GRAIL1 good coding potential; ++, GRAIL1 excellent coding potential. The P-value is the probability provided by the BLAST programme and calculated using Karlin-Altschul statistics, that the sequence similarity is due to randomness. For EST hits, the similarities derived from the comparison of the EST or cluster of EST sequences is given. 
Regionalization of the tail-forming region
Tail formation is thought to be a continuation of gastrulation, involving at least three different cell populations in the tailbud. These domains, defined by comparing the expression of Xnot2 and Xbra, are the chordoneural hinge (CNH), posterior wall and ventral spinal cord (Gont et al., 1993 ) (see also Fig. 5C,F) . Recently, as many as seven distinct domains in the developing tailbud have been described (Beck and Slack, 1998) . Here we used genes isolated in the screen which are expressed in distinct domains of the tail to define ten tail territories, shown in Fig. 5 and summarized in Table  2 .
The posterior spinal cord is subdivided into a roof and a floor domain. This double layer is best seen in the tail expression pattern of 17C3 and 8B3 (Fig. 5A,D) , whose sagittal sections show labelling in the roof but not the floor of the spinal cord. The spinal cord floor is labelled by Xnot2 and 17G2 (Fig. 5C,H) .
Within the CNH-notochord axis at least four domains can be distinguished. Three domains are observed within the CNH, an anterior, middle and posterior region. The difference between the anterior and the posterior domains is best seen in comparing the expression of 17C3 with 12D9 or Xnot2 (Fig. 5A-C) . The third, middle domain in the CNH expresses 11D1 in form of a stripe in continuity with the spinal cord floor (Fig. 5G , see sagittal and frontal sections). The fourth domain corresponds to posterior notochord, just anterior of the chordoneural hinge: 17C3 can be seen in the sagittal section to specifically label this region, unlike Xnot2 (Fig. 5A,C) .
Within the posterior wall, three domains can be distinguished. Expression of 32B3.1 (Fig. 5J ) labels the entire posterior wall, while 3.14 ( Fig. 5E ) marks the very tip, the most posterior part of the embryo proper, apart from the fin (best seen in frontal sections). Ventral and partially overlapping the expression of both genes is a third domain, marked by 2.15/Xvent1 (Fig. 5I) .
Two distinct patterns in the tail presomitic-somitic region are labelled by 11D1 and 32B3.1 (Fig. 5G ,J). 11D1 shows a continuous gradient of expression, decreasing from the posterior to anterior. More anteriorly, its expression is restricted to the dorsal and ventral region of the somites. Interestingly, the posterior-most presomitic expression is continuous with expression of the gene in the roof of the spinal cord. In contrast, 32B3.1 shows a discontinuous expression, resulting in a striped pattern in the forming somites. Additional domains in the tail are the postanal gut expressing 26C10.1 (Fig. 5K) , and an outer and inner layer of the fin, differentially expressing 18D8 and 9C8/Xvent2 (Fig.  5L,M) .
Diagrams of sagittal and frontal tailbud sections summarize these expression domains (Fig. 5N,O) . These results indicate an unexpected degree of organization and mosaicism within the tailbud. 
Regionalization of the epidermis
In man it is well known that the skin is regionalized and responds in a domain-like fashion to certain physiopathological conditions. Domains such as Blaschko's lines or dermatome-related patterns are thought to arise during embryogenesis as result of distinct epidermal precursors, patterns of gastrulation movements as well as region-specific influence of underlying dermis (Haake and Goldsmith, 1997) . However, molecular correlates for these domains are unknown. In zebrafish, three skin mutants show general skin degeneration while the penner mutant shows predominant Fig. 7 . Synexpression groups. Whole-mount in situ hybridizations of tailbud embryos are shown in lateral view. Four groups of genes with shared, complex expression patterns (synexpression groups) are shown (see also Table 3 ). For the Delta1-group, expression patterns of XDelta1 and two group representatives are shown. For the Bmp4 group, expression patterns of Bmp4 and the two group representatives are shown. For the ER-import group, expression patterns of three group representatives are shown. For the chromatin group expression patterns of three group representatives are shown, with inserts displaying transverse sections of the trunk. Arrows indicate stained structures common to all members of the group. Bmp4 and XDelta1 were not isolated in this screen. Note, that the absence of staining in the endoderm of the chromatin group genes is probably due to technical difficulties to stain this tissue. Abbreviations: br, brain; ce, cement gland; de, dorsal eye; df, dorsal fin; en, endoderm; ey, eye; fs, forming somites; no, notochord; po, proctodeum; pr, pronephros; sc, spinal cord; so, somites; tb, tailbud; va, ventral visceral arches. effects in the skin region below the visceral arches (van Eeden et al., 1996a) . In addition, the vertebrate skin is patterned by the differential distribution of glands, hair follicles and scales. In early Xenopus embryos monoclonal antibodies were previously used to define outer epidermal cells containing small and large granules, inner epidermis as well as ciliated cells (Itoh et al., 1988) .
The entire Xenopus skin is labelled by expression of 12A1 and 12A4 with different intensity (Fig. 6A,B) . Most interesting were genes expressed in epidermal subdomains. Finspecific expression was found, e.g. in 5A18 and 18D8 (Fig.  6C,E) . 11F8 is predominantly expressed in the dorsoanterior epidermis. Scattered cells expressing 6A21 and 12F1 most likely represent ciliated cells (Fig. 6F,G) , known to be relatively evenly distributed and strongly expressing alpha tubulin (21D9.1, Fig. 3 ). Finally, two epidermal glands, the hatching and cement gland can be distinguished and numerous markers for them were found, e.g. 19B12.2 and 9B4 (Fig. 6H,I ). No homology -Sequence similarities of cDNAs belonging to the synexpression groups shown in Fig. 7 are listed. A brief description of the expression pattern is given in the headline of each group. Clone ID, sequence similarity and putative function are listed. Within a group clones are sorted according to related function.
Synexpression groups
The most interesting finding of this screen is that groups of genes with shared, complex expression pattern, identify genes with shared function. We found four such groups that we refer to as synexpression groups (Fig. 7, Table 3 ).
The 'Delta1 group' (four genes) is characterized by the expression in CNS, eyes, tailbud and varying domains of forming somites (Fig. 7) . All genes also show shared expression domains at earlier stages (not shown). This expression pattern is similar to expression of XDelta1, a transmembrane ligand for the Notch receptor, involved in neurogenesis (Chitnis et al., 1995) . Three members of the group encode novel bHLH genes, a class of transcription factors involved in Delta-Notch signalling, one member encodes a novel protein with ankyrin repeats, a regulatory motif also present in the Notch receptor (Artavanis-Tsakonas et al., 1995). The shared expression pattern with XDelta1 and the type of genes encoded, strongly suggests that these genes are part of the Delta-Notch signalling pathway and lends support to the notion that Delta-Notch signalling is also involved in somitogenesis (Yamaguchi, 1997) . Indeed, 8C9 and 5D9 can be activated by constitutively active Notch1 (E. Bellefroid, V. Gawantka and C. Niehrs, unpublished data).
The 'Bmp4 group' (two genes) is characterized by the expression in ventral visceral arches, dorsal eyes and the dorsoposterior region of the fin/proctodeum. Shared expression domains are also observed at earlier stages (not shown). This expression pattern is similar to the expression of Bmp4, a TGF-b signal involved in dorso-ventral patterning in Xenopus (Hogan, 1996) . 9C8/Xvent2 functions in the Bmp4 pathway (Ladher et al., 1996; Onichtchouk et al., 1996; Papalopulu and Kintner, 1996; Schmidt et al., 1996) and Bmp4 is both necessary and sufficient for 5E23 expression (R. Dosch and C. Niehrs, data not shown). Two other genes which function in the Bmp4 pathway, Bmp7 (Hawley et al., 1995) and XbmprII (Frisch and Wright, 1998) , are also expressed in this particular pattern. Thus, this group represents components of the Bmp4 pathway.
The 'ER-import group' (seven genes) is characterized by the weak ubiquitous expression, moderate expression in the notochord and pronephros and strong expression in the cement gland. Six of the seven genes belonging to this group encode proteins involved in protein import into the endoplasmic reticulum (ER) (Rothblatt et al., 1994) . The cement gland is strongly engaged in secreting mucous, while notochord copiously secretes extracellular matrix (Lyerla and Pelizzari, 1973) . Expression in the pronephros may relate to its synthesizing membrane proteins for abundant microvilli (Tahara et al., 1993) . The prevalence of ER in the cement gland was confirmed by immunostaining for the ER-marker calnexin (Rothblatt et al., 1994) , which strongly labels this tissue (data not shown). This group, thus, represents genes involved in ER-function and suggests that tissuespecific regulation of secretion, a yet unstudied issue, occurs by common transcriptional control of ER-import components. The results further predict that the unknown gene, 18F9, also functions in the ER.
Genes of the 'Chromatin group' (25 genes) are strongly and ubiquitously expressed in the neurula. In the tailbud embryo expression becomes low or undetectable in the anterior and trunk somites, notochord and cement gland, and in many cases also the floorplate (visible at high magnification; data not shown), which gives rise to motoneurons. Common to these tissues is that they become postmitotic in the late neurula. Of the 21 genes with sequence similarity, 18 encode proteins interacting, directly or indirectly, with chromatin. Most of these are structural components of chromatin (histones and HMG-box proteins) or transcription factors. The absence of the expression of this group of genes probably reflects their lower requirement in the non-dividing cell that has no need to rebuild the nucleus. Indeed, many of these genes are known to be downregulated during cell differentiation (Minoo et al., 1989; Begum et al., 1990; Stein et al., 1994) . The data strongly suggest that the four unknown genes also interact with chromatin.
These synexpression groups were identified without prior knowledge of DNA sequence. Yet, they also cluster when analyzed with respect to function predicted by sequence similarity. We conclude that the clustering of complex expression patterns reflects genes with linked function in signalling or differentiation.
Tissue relatedness
Two tissues may be related molecularly because they share a close lineage relationship, e.g. brain and spinal cord, and/or because they have a similar molecular make-up due to shared cell biological requirements, e.g. secretion. Our random and large-scale cDNA sampling allowed the calculation of 'tissue relatedness' based on shared differential gene expression. There is the possibility that a tree results from the analysis of the tissue relatedness distance matrix, where distances between leaves would be the measure of similarity. We carried out such an analysis, taking advantage of the random sampling of the genes, which avoids biases introduced by non-random selection.
To simplify the analysis, 67 genes with predominantly ubiquitous expression at tadpole stage were excluded. Endoderm was omitted from the analysis due to the low representation of expressed genes. These profiles were arranged in a matrix and compared with each other. Initially, to test the tree-likeness of the data, split decomposition (Bandelt and Dress, 1992) was applied to the distance matrix. This method has the potential of constructing a network to reflect the distance data when these are not in fact tree-like. In our case the diagram came out strongly tree-like, thus justifying the application of a tree reconstruction program. For this purpose the classical Fitch-Margoliash algorithm (Fitch and Margoliash, 1967) was applied and the result of this analysis is shown in Fig. 8 .
The reason why the data form a tree is most likely due to the importance of lineage relationships during differentiation. This is highlighted by the fact that the tree resembles a classical germ layer division although with major imperfections. In particular, two ectodermal derivatives, cement gland and epidermis are closer to mesodermal tissues than to the neuroectodermal cluster. Also, mesodermal derivatives do not form a single cluster but show a split between ventro-lateral (blood, lateral plate, pronephros) and dorsal mesodermal tissues (somites, notochord). We inspected the genes with attributable function which are responsible for the ectoderm/neuroectoderm split. Keratins represent half of the genes expressed in epidermis but not in neuroectoderm. Likewise, genes implicated in secretion make up half of the genes expressed in cement gland but not in neuroectoderm (data not shown). Thus, the split in ectodermal derivatives is due to expression of differentiation markers. We conclude that gene expression profiles can be used to calculate a tissue relatedness tree that reflects the superimposition of lineage and differentiation relationships.
Discussion
Complexity of expression patterns
About one third of the genes identified in this random screen show a regionalized expression. This may indicate that the vertebrate genome encodes a large amount of spatio-temporal information. It needs to be kept in mind, though, that this conclusion is based on analysis of genes expressed in neurulae, the stage at which RNA for the cDNA library analyzed was sampled. Expression complexity may be lower at later stages, when cell differentiation is underway. Not surprisingly, gene expression complexity increases dramatically between gastrula and neurula, in particular in neuroectoderm, and its detailed analysis will require a separate investigation. The nervous system is the organ were most genes are expressed (82%). This may to some degree be due to the use of a neurula stage cDNA library in which many neural genes are expected to be represented. However, a very high proportion (62%) of neural expression is also found in enhancer trap lines in Drosophila (Bier et al., 1989) , suggesting that the large number of expressed genes reflects a high degree of complexity in this tissue.
Due to the polycistronic transcription of the mitochondrial genome it was unexpected to observe differential mitochondrial gene expression. At tailbud stage either ubiquitous or predominantly muscle expression was found, likely indicating a differential RNA stability. This may represent a novel mechanism for respiratory regulation.
Partial sequencing identified sequence homologies for 76% of all cDNAs and thus generating ESTs is an efficient compromise in a large-scale approach to assign potential function without having to sequence full inserts. Despite our simplistic approach of not prescreening, normalizing or subtracting the cDNA library we were able to identify many transcripts that are considered rare potential developmental regulators. This is again indicative of a high complexity of gene expression in the neurula cDNA library and is consistent with the relatively low redundancy of 30% encountered.
Progressive regionalization
Gastrula
In gastrula ectoderm distinct gene expression in the epithelial and the sensorial layer is observed and this may correlate with the fact that both layers have a different fate (Hartenstein, 1989) and respond differently to neural (Grunz, 1985) and mesodermal inducers (Grunz and Tacke, 1989) . Remarkably, already at the early gastrula stage the dorsal ectoderm is a-p patterned as marked by the differential expression of 3.14 and 19F1.1, when migration of inducing mesoderm has hardly begun. This may indicate either a maternal specification, e.g. by the Wnt signal known to set up dorsal from ventral animal cap (Sokol and Melton, 1991) or be indicative of early postzygotic planar induction and patterning by the organizer (Doniach et al., 1992) .
It is interesting that of the 18 genes with significant differential dorsoventral expression in gastrula mesoderm, 12 Fig. 8 . Analysis of tissue relatedness. Expression profiles of 206 cDNAs expressed in more than one tissue were selected. These profiles were arranged in a matrix and compared among each other using FitchMargoliash algorithm to compute a tree using the implementation from the Phylip package. Length of lines corresponds relative distance between tissues ('tissue relatedness'). Mesodermal and ectodermal derivatives are coloured in red and blue, respectively. are of the dorsal type, expressed in the organizer and 6 expressed in lateroventral mesoderm. In contrast, in the zebrafish mutant screen six genes regulating ventral and only two genes regulating dorsal development were found . This may suggest a high degree of functional redundancy in dorsally expressed genes. However, some of the zebrafish mutants affecting notochord and prechordal plate may also represent genes expressed in the organizer.
The significance of the novel 'salt and pepper' expression patterns is unclear. Mitochondrial genes can give this pattern in the animal cap, which may reflect heterogeneity in metabolic state of the cells. However, other genes, such as 6D6 which continue to exhibit a salt and pepper expression pattern also at later stages, are not mitochondrial genes and expression may correlate with other dynamic cell properties such as certain stages of the cell cycle.
Tail-forming region
The mechanism of the formation of the vertebrate tail is likely to be closely related to body axis formation, as it contains all axial tissues including neural tube, notochord and somites. Indeed, tail formation has been shown to be a continuation of gastrulation (Gont et al., 1993; Tucker and Slack, 1995) . Using molecular markers the tailbud was shown to contain at least three cell populations (Gont et al., 1993) . Tissue extirpation and transplantation indicate that tail formation results from the interaction of three regions in the neurula, a neural (N), presomitic (M) and posterior notochordal (C) region (NMC-model, Tucker and Slack, 1995) . Recently molecular correlates for posterior notochordal and presomitic fate have been proposed in the tail forming region of the Xenopus neurula (Beck and Slack, 1998 ). In addition, using known molecular markers these authors have described seven domains in the developing tailbud.
Here we show that the amphibian tailbud is a highly complex structure in which at least 13 domains can be distinguished by marker genes. The most remarkable regionalizations are displayed by the chordoneural hinge, which is divided in three a-p domains and the posterior wall, divided into three d-v and a-p domains. It has been shown that the posterior wall gives rise to somites (Gont et al., 1993; Tucker and Slack, 1995) . The expression of 11D1 shows a continuity between the middle domain of the CNH and both somites as well as spinal cord. This suggests that in addition to posterior wall, cells of the CNH may give rise to somites. Unlike 11D1, 32B3.1 shows a striped expression in the forming somites and presomitic mesoderm. This expression closely resembles that of c-hairy1, which is regulated in a clock-and-wave-front fashion (Palmeirim et al., 1997) . Distinct regulation of 11D1 and 32B3.1 expression is indicative of different molecular pathways operating during somitogenesis.
Our results using novel markers confirm the seven domains described by Beck and Slack (1998) . In addition we define two additional domains in the developing tailbud proper, namely the ventral posterior wall (2.15/Xvent1 positive) and the mid-chordoneural hinge (11D1 positive).
How is this remarkable tailbud pattern set up? Being a continuation of gastrulation, it is likely that the same genes regulating organizer function will continue to regulate tail formation, and continued expression of Bmp4 (Fainsod et al., 1994) and chordin (Sasai et al., 1994) in the tailbud is consistent with this. Consequently, some marker genes expressed in the novel domains defined here may be regulated by different doses of the BMP4 morphogen, which is known to pattern the gastrula marginal zone into at least three domains (Dosch et al., 1997) .
The NMC model of tail formation is based on experiments performed at the neurula stage (Tucker and Slack, 1995) . While the same tissue interactions may be operating also at tailbud stages, the tissue topology has changed so much in between stages that it is difficult to match the expression domains of the tailbud markers to the NMC domains of the neurula.
As recently shown (Beck and Slack, 1998 ) the novel markers described here will be very useful to study tail patterning, e.g. in misexpression experiments.
Synexpression groups
One of the most interesting aspects of the in situ screen is that the grouping of genes according to their shared, complex expression pattern is paralleled by a remarkable functional correlation displayed by them. While groups of enhancer trap lines with common expression have been identified (Bier et al., 1989 ) the lack of sequence data had not revealed the close functional relationship between the genes seen here. Genes of a synexpression group probably share common regulatory elements. In the case of the Delta1 and Bmp4 groups these regulatory elements are likely the respective cytokineresponsive elements. Also in the case of the ER-import and chromatin groups a common global regulator can be predicted.
The Delta1 and Bmp4 synexpression groups are consistent with the concept of gene cassettes, i.e. signalling pathways which are used at multiple embryonic stages and regions during development (Jan and Jan, 1993; Ruohola Baker et al., 1994) . In contrast, the ER-import and chromatin group seem to reflect the physiological status of a cell, i.e. secretion and terminal differentiation. Fifteen percent of the differentially expressed genes analyzed in this study could be assembled in synexpression groups. However, the percentage of groupable genes is likely to increase if more groups become established.
The Delta1 and chromatin groups bear interesting parallels to groups of mutants identified in the zebrafish screens. First, a number of somite mutants were identified that showed additional phenotypes in CNS development (van Eeden et al., 1996b) . The Delta1 group genes are expressed both in forming somites and the CNS and evidence is mounting that the Delta-Notch pathway is regulating the morphogenesis of both tissues (Yamaguchi, 1997) . Genes of the Delta 1 group are therefore good candidates for these somite mutants. Sec-ond, the large class of zebrafish early arrest mutants are characterized by early lysis of cells. However, upon transplantation mutant cells are able to survive if they populate two major tissues, notochord and muscle as well as in rare cases motoneurons. Common to these cell types is their early onset of differentiation. Together with the rather unspecific phenotype this led to the suggestion that the early arrest mutants may affect genes with a role in cell cycle progression . Genes of the Xenopus chromatin group become downregulated in the same postmitotic tissues and many of them function in maintenance of the nuclear architecture, which is closely linked to progression through the cell cycle. Hence, the chromatin group genes appear good candidates for genes affected in the early arrest mutants.
The correlation between pattern and function implies that large-scale gene expression screening goes beyond the cloning of potential developmental regulators: It allows to assemble genes in groups that define molecular pathways and to make strong predictions about the function of constituent members. Of particular interest is the possibility to predict gene function for members without sequence similarity. This will become an important issue in the postgenomic era. While assembly into synexpression groups cannot replace experimental verification of gene function, it will allow to focus the analysis.
Tissue relatedness
Our random and large-scale cDNA sampling allowed for the calculation of tissue relatedness based on shared differential gene expression. At this point the interpretation of tissue relatedness is still preliminary due to a single stage of analysis and still relatively small number of expression profiles analyzed. The observed tree represents an average over all possible metabolic, structural and differentiation processes that may lead to shared differential gene expression either because of lineage relationships or because of cell biological constraints. Therefore, it cannot be interpreted solely as an ontogenetic tree, i.e. a representation of lineage relationships. Interpretation of individual clusters requires the analysis of the kind of individual genes that contribute to clustering. For example, differentiation type genes (keratins, secretion-related genes) override lineagerelationships of the epidermis and cement gland with neuroectoderm. The closer relationship between the epidermis/ cement gland with mesoderm than with neuroectoderm may indicate a shared differentiation programme. If tissue clusters were predominantly made up of Hox genes, this might indicate common positional information. In general, large synexpression groups are likely to contribute to clustering.
It will be interesting to compare trees derived from cDNAs sampled at stages other than the neurula and to analyze whether the tissue clusters are static or dynamic. Furthermore, tissue relatedness may be calculated by considering only certain functional classes of genes, e.g. Hox or cytoskeletal genes, to derive tissue clusters specific for positional information or architecture.
Limits and strengths of in situ screening
Many genes with interesting expression patterns can be identified in an in situ screen whose DNA sequence homology suggests a regulatory function in the respective regions. However, this is just a correlation and test of physiological relevance requires further gain-or loss-of-function experiments. In this respect, mutant screens are much more stringent. Many genes with important regulatory functions that would be missed in an in situ screen are those that show no particular patterned expression. Furthermore, expression pattern of a gene may not reveal the true spatial expand of its function. In Krüppel mutants, for example, a larger region is deleted from the segmentation pattern than would be expected from its domain of expression (Scott and O'Farrell, 1986) . Finally, the screen is biased by the cDNA library chosen which is a constrain when global gene expression is to be analyzed. This may, however, also be advantageous if one wants to focus analysis on certain tissues.
A great advantage of the in situ screen is the immediate availability of the cloned cDNA, which readily allows a gain-of-function test by microinjection of synthetic mRNA in Xenopus. By this approach two novel homeobox genes discovered in this screen could be implicated in d-v mesoderm patterning (Gawantka et al., 1995; Onichtchouk et al., 1996) .
Thus far, the most successful approach in identifying genes underlying the mutants identified in the zebrafish screens is by educated guessing, based on expression pattern of already known genes (Talbot et al., 1995) . The genes and especially the synexpression groups identified here may therefore be of help in matching mutants to genes.
Unlike to gene expression screens, functionally redundant genes will be largely inaccessible to mutant screens. A semifunctional approach to overcome this limitation may thus be identification of more synexpression groups to functionally classify unknown genes. Using filter-arrayed cDNA libraries, robotic processing of DNA and RNA probes and automated whole-mount in situ hybridization, gene expression screening can be largely automated (our unpublished results). Hence, there is the perspective of carrying out a saturating analysis of embryonic gene expression.
Experimental procedures
Whole-mount in situ hybridization
Bacterial colonies of an oriented stage 13 cDNA library in pBSKS + vector (Gawantka et al., 1995) were grown in 96-well plates and DNA inserts were PCR-amplified directly from bacteria using T3 and T7 primers. Digoxi-genin-labelled antisense RNA probes were synthesized from PCR-amplified templates using T7 RNA polymerase. Plasmids may be linearized with NotI and SalI for synthesis of sense and antisense RNA, respectively. Whole-mount in situ hybridization (Harland, 1991) was performed in 24-well hybridization chambers using basket wells to allow parallel sample processing. For each cDNA tested, four albino embryos each of stages 10.5, 13 and 30 were used. The embryos cut into halves before hybridization were used to allow for adequate staining and analysis of internal anatomical structures (stage 10, cut sagitally; stage 13, cut mid-transversally; stage 30, cut twice transversally, at the level of the otic vesicle and in the medial trunk). For the analysis of the tail-forming region 40 mm vibratome sections were cut from whole-mount stained embryos as described (Bellefroid et al., 1996) .
Images of stained embryos were acquired with a 3-CCD camera (Sony DXC-930P), digitalized using a DT2255 image board and processed using Adobe-Photoshop. Tailbud stage staining patterns were analyzed semiquantitatively by scoring colour intensity using an intensity scale from 0 (no staining) to 4 (very strong staining). Seventeen different regions were routinely scored in tailbud embryos: brain, spinal cord, eyes, ear vesicles, nasal vesicles, epidermis, cement gland, hatching gland, notochord, somites, pronephros, lateral plate, blood, endoderm, visceral arches, proctodeum, tailbud. Additional details were noted separately. These data were compiled in a database (AXelDB). Expression data and images are accessible via Internet (http://www.dkfz-heidelberg.de/ abt0135/axeldb.htm).
DNA sequence analysis
5′ and 3′ cDNA ends were sequenced by either manual or automated Sanger sequencing (ABI 377, Perkin Elmer and LI-COR 4000L DNA sequencer). The average length read was 385 bp. Sequences were assembled and analyzed for redundant clones using the DeCypher II PC board and accompanying software (Time Logic). Unique sequences were masked for repetitive elements and compared against databases (SWISSPROT, GenBank, dbEST; release date: 21.10.97), using BLASTN and BLASTX programs.
Quality control
To rule out the possible mix-up of expression patterns and DNA sequences, it was verified that the length of PCR-amplified inserts from plasmid used for sequencing, and from bacteria used for synthesis of the DIG-riboprobe were identical. Every clone was thus assayed on an agarose gel and no inconsistencies were found. In addition, in a rescreen of 125 clones in whole-mount in situ hybridizations made with DIG-labelled riboprobes prepared from plasmids used for sequencing, all clones reproduced the pattern that was found in the primary screen.
Calculation of tissue relatedness
Programs to compute phylogenetic trees require distance data as input. For the tissues the distance data were computed based on weighted counts of genes with equal expression strength. Each gene contributed with the probability of observing this match of expression strength given the scope of expression levels of the particular gene in the studied tissues. Two methods were applied to these distance data. Split analysis (Bandelt and Dress, 1992) generally produces a network displaying the distances of the objects, with the network being strongly 'tree-like' when the data allow for this. Since the network computed for the distances of the tissues was indeed tree-like we proceeded to apply the Fitch-Margoliash algorithm (Fitch and Margoliash, 1967) to compute a tree using the implementation from the Phylip package (Felsenstein, 1989) . sion-domain was described to represent the expression patterns of marker genes.
Access to AXelDB can be made in two ways. First, a web interface is available at the URL: http://www.dkfzheidelberg.de/abt0135/axeldb.htm. Second, data (including pictures) and models for the UNIX version of ACeDB are available at the ftp server ftp.dkfz-heidelberg.de in outgoing/abt0135/axeldb. Table 4 shows the accession numbers of DNA sequences. Table 5 gives a decription of gene expression patterns.
The list contains for each clone a semiquantitative description pattern in the tailbud. Scored regions are listed on top; numbers indicate intensities of staining on a scale from 0 (no staining) to 4 (strong staining); 6: not scored. In addition, selected, striking details of expression patterns in the gastrula, neurula and tailbud stage are listed. The order of the genes follows first digit sorting, e.g. 1, 10, 2, 20 etc.
